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Abstract .  The o r ig in  of p a r t i c u l a t e  contamination on the Space S ta t ion  
w i l l  mostly be from pre-launch operations.  The adherence and subsequent 
release of these particles during space f l i g h t  are discussed. Particle s i ze ,  
release veloci ty ,  and d i r ec t ion  are important i n  determining p a r t i c l e  behavior 
i n  the v i c i n i t y  of the vehicle. The p a r t i c u l a t e  environment a t  the p r inc ipa l  
science instrument locat ions is compared t o  the  Space Shu t t l e  bay environment. 
Recommendations f o r  possibly decreasing the p a r t i c u l a t e  contamination are 
presented. 
Introduct ion 
Spacecraft  on-orbit p a r t i c u l a t e  contamination is  defined as s o l i d  particles 
or  l i qu id  drople t s  deposited on a sur face  or contained i n  a volume of 
i n t e re s t .  Most of t h i s  material or ig ina tes  during ground processing, t h a t  is, 
hardware manufacturing, assembly, t e s t ing ,  t ranspor ta t ion ,  and launch s i te  
operations. 
S t a t ion  hardware is l eve l  750 as defined by MIL-STD 1246A p r i o r  t o  f i n a l  
assembly f o r  del ivery t o  space; see Figure 1. 
The hardware surface c leanl iness  requirement present ly  imposed on the Space 
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Fig. 1 . Depiction of MIL-STD 1246A surface c leanl iness  leve ls .  
Level 750 is cross  hatched f o r  c l a r i t y .  Also  shown is  typ ica l  
a c t u a l  f a l l o u t  da ta  i n  Orbi ter  Processing F a c i l i t y  (OPF). 
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To p r e d i c t  the Space S t a t i o n  p a r t i c u l a t e  contamination environment w e  
consider how these  copious particles are adhered t o  the  surfaces ,  what causes 
removal i n  the  low-Earth o r b i t  environment, and, once removed, what their 
l i k e l y  behavior may be i n  the  v i c i n i t y  of the  spacecraf t .  Also, s ince  the main 
d a t a  base on l a rge  manned spacec ra f t  has been gained from the  Space Shu t t l e ,  
w e  consider i t s  r e l evan t  similarities and d i f f e rences  to  the  Space S t a t i o n  
t h a t  may apply t o  the  p a r t i c u l a t e  environment. 
Sources and Mechanisms 
Barengoltz and Edgars (1975) determined t h a t  t he  dominant pa r t i c l e - to -  
sur face  binding mechanism i n  a vacuum environment is the  van der  Waals force.  
Further ,  they determined a mean adhesion of F = 0.13 d Newtons, where d is  
the  particle diameter i n  meters, and found good experimental  agreement using 
22- t o  11  0-pm-diameter g l a s s  beads on metal surfaces .  Forces on the  order  of 
10 t o  10 g (where g is the  Ear th ' s  g r a v i t a t i o n a l  acce le ra t ion )  were required 
t o  remove ha l f  of the  l a r g e s t  and smallest beads, respec t ive ly .  Such l a rge  
acce le ra t ions  may be provided by meteoroid impacts. 
p a r t i c u l a t e s  re leased by such impacts on the  S h u t t l e  o r b i t e r ,  using a t o t a l  
sur face  area of 1200 m 
diameter)  p a r t i c l e s  m-2. 
provide an estimated 5.7 x 10 
of 3 cm s - I .  
due t o  the  competing f a c t o r s  of fewer l a rge  p a r t i c l e s  which can be removed by 
the numerous small meteoroids and the  more populous small  p a r t i c l e s  which 
r equ i r e  impacts of larger but  less numerous meteoroids. 
Barengoltz a l s o  analyzed the  "backsplash" p a r t i c l e s  (ejecta) by meteoroid 
impact c ra te r ing .  These p a r t i c l e s  are estimated t o  be mostly small  (2-10 pm) 
and numerous (-105-107 day'l) w i t h  r e l a t i v e l y  high v e l o c i t i e s  (-500 m s-l 1. 
Scialdone (19871, C l i f ton  and Owens (19871, and Green e t  al. (1987) have 
discussed p a r t i c l e  release by thermally-induced forces  such as d i f f e r e n t i a l  
thermal expansion ( "oil-canning" 1 and f r i c t i o n  between sur faces  ("creaking" 1 .  
Such forces  could a l s o  be mechanically induced. Using a t i m e  decay of pos- 
s i b l e  thermally-induced release of particles observed by the  IECM on Spacelab 
1, Scialdone derived an extremely slow average p a r t i c l e  ve loc i ty  of 1.5 x 
cm s . 
radiometr ic  force,  o r  t h a t  fo rce  c rea ted  when a par t ic le  is d i f f e r e n t i a l l y  
heated (e.g., by s u n l i g h t )  causing d i r e c t i o n a l  outgassing r e s u l t i n g  i n  an 
acce le ra t ing  force.  Other sources include: ( 1 )  spacec ra f t  and payload 
mechanical operat ions such as door/aperture cover opening and c los ing ,  i n s t ru -  
ment slewing/pointing, r e l ease / a t t ach  mechanisms, remote manipulating systems;  
( 2 )  engine f i r i n g s ;  (3 )  f l u i d  vents and leaks; (4) as t ronau t  EVA; and (5 )  
spacec ra f t  proximity and rendezvous operat ions.  Simpson and Witteborn (1977) 
d iscuss  seve ra l  of the  above sources and mechanisms i n  more d e t a i l .  
For Space S ta t ion ,  opera t iona l  con t ro l s  may be appl ied f o r  so-cal led 
quiescent  periods.  The sources t h a t  pe r t a in  during these  per iods are: (1)  
instrument mechanical operat ions,  (2) f l u i d  vents and leaks from the  
spacec ra f t  and instruments,  (3) thermal shock by terminator c ross ings  ( sun r i se  
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I n  a f u r t h e r  study, Barengoltz (1980) estimated the  number of contaminant 
2 a r b i t r a r i l y  contaminated with lo6  ( I O  t o  100-pm- 
H e  concluded t h a t  impact-released sources would 
3 p a r t i c l e s  day-' with typ ica l  release v e l o c i t i e s  
These impact-released p a r t i c l e s  are f a i r l y  uniform i n  s i z e  range 
-1 
Another release mechanism mentioned by Scialdone is the  so-called 
and sunse t s ) ,  (4) instrument 
impacts. 
The operat ions that occur 
to  r e loca t ion  of p a r t i c u l a t e  
qu iescent  operations.  
hea t ing  and cooling operat ions,  and ( 5 meteoroid 
during non-quiescent per iods may be important due 
material t h a t  may subsequently be removed during 
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Shu t t l e ,  Space S ta t ion  Similari t ies 
and Differences 
The obvious similarities t h a t  the Space S t a t i o n  w i l l  share  with the Shu t t l e  
o r b i t e r  t h a t  relate t o  the  p a r t i c u l a t e  contamination environment are: ( 1 )  both 
are manned vehicles  having pressur ized  volumes, ( 2 )  both f l y  i n  low-Earth 
o r b i t ,  and ( 3 )  both serve as a platform f o r  a d iverse  mixture of sc ience  
experiments. 
have repeated long period (weeks) cycles  of qu iescent  operat ions,  whereas the  
S h u t t l e  t y p i c a l l y  has hours of similar operations.  ( 2 )  The Space S t a t i o n  
maintains a t t i t u d e  without engine f i r i n g s ,  whereas the  Shu t t l e  requi res  almost 
cons tan t  a t t i t u d e  co r rec t ion  using ve rn ie r  engines and requi res  o r i e n t a t i o n  of 
the  payload bay f o r  var ious poin t ing  requirements. ( 3 )  The Space S t a t i o n  w i l l  
undergo only slow thermal environment ( s o l a r  angle)  changes, while the  S h u t t l e  
payload bay experiences l a rge  thermal excursions depending on a t t i t u d e  t o  Sun, 
Earth,  o r  deep space. ( 4 )  Experiments on Space S t a t i o n  are a t  l a rge  d i s t ances  
from expansive a reas  (such as photovol ta ic  a r rays ,  thermal r ad ia to r ,  and 
manned modules) compared t o  Shu t t l e  bay experiments. ( 5 )  The Space S t a t i o n  has 
a long on-orbit  s t a y  t i m e  ( 2 0 - 3 0  years )  with months f o r  i ts  experiments, 
compared t o  days f o r  Shut t le .  
The d i f f e rences  are extensive and s ign i f i can t .  ( 1 )  The Space S t a t i o n  w i l l  
Shu t t l e  Data 
The Induced Environment Contamination Monitor (IECM) Camera/Photome$er 
Experiment operated continuously throughout t he  STS-2, - 3 ,  -4, and -9 
missions, s te reoscopica l ly  recording particles and background within a 32' 
field-of-view. During a t o t a l  of 378 hours of observat ions,  over 18,000 
frames of da ta  w e r e  recorded by the  two cameras (C l i f ton  and Benson, 1988). 
However, not a l l  of the  recorded frames w e r e  conducive f o r  p a r t i c l e  de tec t ion ,  
most of ten  due t o  adverse l i g h t i n g  considerat ions,  and the  number of frames 
f o r  which contamination measurements could be made w a s  sharply reduced. 
Contaminant particles with r a d i i  i n  excess of 10 um w e r e  recorded on over 1800 
frames or  approximately 42 percent  of the da ta  s u i t a b l e  f o r  contamination 
measurements. Much of the  higher  a c t i v i t y  came during the  very e a r l y  por t ions  
of the  missions when high contamination l eve l s  are an t i c ipa t ed .  
The r e s u l t s  ind ica ted  high p a r t i c l e  concentrat ions e a r l y  i n  the  mission 
decaying t o  a quiescent  rate equivalent  to  approximately 500 observable 
p a r t i c l e s  per o r b i t  (C l i f ton  and Owens, 1987). With exposures normalized t o  1 
s, the  p robab i l i t y  of the  cameras recording one o r  more p a r t i c l e s  a t  any given 
t i m e  w a s  36 percent.  The average s t a y  t i m e  f o r  a particle w a s  5 s. It is 
ev ident  t h a t  par t ic le  production w a s  r e l a t ed  t o  both Shu t t l e  and experiment 
a c t i v i t i e s .  The contamination t h a t  was observed var ied g r e a t l y  from frame t o  
frame i n  both na ture  and ex ten t ,  with bu r s t s  of p a r t i c l e  a c t i v i t y  observed 
f requent ly  throughout the missions. During the  cold tes t  of STS-9, however, 
contamination a c t i v i t y  w a s  minimal as compared t o  the w a r m e r  and more a c t i v e  
phases of the  mission. During t h i s  cold test, only 3 frames out  of 330 showed 
i n  excess of 5 particles, while 282 frames showed no evidence of contamination 
a t  a l l .  Thermal e f f e c t s  w e r e  ev ident  i n  producing particles during the  cold 
test ,  with the  preponderance of p a r t i c l e s  observed wi th in  15 min of o r b i t a l  
sunr i se .  
t o  be the  d i r e c t i o n  of the  ve loc i ty  vector.  The r e s idua l  atmosphere a t  
o r b i t e r  a l t i t u d e s  acted very much as an 8 km s-' wind both i n h i b i t i n g  and 
One of the  primary determinants i n  the  number of particles de tec ted  appears 
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enhancing the  observat ion of p a r t i c l e s .  For the  most part ,  very l i t t l e  
contamination w a s  observed during periods of the  STS-4 and STS-9 missions i n  
which the  o r b i t e r  ve loc i ty  vector  had a co-elevation of l e s s  than 70°. On the 
contrary,  l a rge  number of p a r t i c l e s  were o f t en  recorded with the  ve loc i ty  
vector  a t  high co-elevations.  
I n  addi t ion  t o  va r i a t ions  of p a r t i c l e  a c t i v i t y ,  frames o f t en  d i f f e r e d  
g r e a t l y  i n  the  populat ions of particle s i z e s  t h a t  they exhibi ted.  For 
example, the  mean p a r t i c l e  r a d i i  of water-dump p a r t i c l e s  as compared to  non- 
dump-associated p a r t i c l e s  w e r e  102 and 53 microns, respec t ive ly .  The mean 
t o t a l  ve loc i ty  f o r  p a r t i c l e s  observed i n  18 se l ec t ed  frames w a s  ascer ta ined  a t  
1.2 m s-' with a mode a t  0.8 m s-' and a median of 1.0 m s - ' .  (It  should be 
noted t h a t  the s e l e c t i o n  of frames w a s  intended t o  provide a sampling of 
d i f f e r e n t  condi t ions t h a t  produced contamination.) Particles t r ave l ing  with 
the  mean v e l o c i t i e s  observed are of ten  already under the  inf luence of 
atmospheric drag. A number of curved p a r t i c l e  t r acks  can a l s o  be observed as 
the  particles tend t o  a l i g n  themselves with the  ve loc i ty  vector.  In  one frame 
i n  which p a r t i c l e s  w e r e  shielded from the  ve loc i ty  vector ,  p a r t i c l e s  ind ica ted  
an i n i t i a l  ve loc i ty  on the order  of 0.2 m s-' o r  less with v e l o c i t i e s  
gradual ly  increas ing  as the  par t ic le - to-spacecraf t  d i s tance  increased.  This 
e f f e c t ,  i.e., the  low i n i t i a l  ve loc i ty  increas ing  with d is tance ,  appears t o  be 
a general  one, p a r t i c u l a r l y  f o r  r a d i a l  v e l o c i t i e s .  
Not unexpectedly, s t rong  enhancements of p a r t i c l e s  were observed during 
water dumps. The appearance of "snowstorm" events w a s  independent of ve loc i ty  
vector  d i r e c t i o n  and occurred during each water dump event. However, the  
dura t ion  of the  s e t t l i n g  per iods following water dumps did show a v a r i a b i l i t y  
ev ident ly  dependent upon the  ve loc i ty  vector.  For the  b e s t  measured cases ,  
nominal contamination rates were reached approximately 30 min following 
ces sa t ion  of the  dump, with an e-folding t i m e  of 5 min. 
Space S t a t i o n  P a r t i c u l a t e  Contamination 
The predominant areas of the  Space S ta t ion  are the  s o l a r  photovol ta ic  
a r r ays  and dynamic c o l l e c t o r s  (-4000 m 2 ) ,  the  pressurized modules (-1 000 m 2 ) ,  
and the  thermal r a d i a t o r s  (-500 m 2 )  
r e leased  p a r t i c l e s  is propor t iona l  t o  sur face  area, as predicted from 
meteoroid impacts and perhaps t o  some degree from thermally-induced forces ,  it 
i s  important t o  determine where the  p a r t i c l e s  are t ransported,  e spec ia l ly  i n  
r e l a t i o n  t o  s e n s i t i v e  viewing instruments located,  say, on the  upper and lower 
booms of the  dua l  kee l  Space S ta t ion .  
acce le ra t ion ,  a, due to  atmospheric drag 
I f  it is assumed t h a t  the  number of 
Assuming elastic c o l l i s i o n s ,  a re leased particle w i l l  undergo an 
where pa = atmospheric dens i ty  (-1 x 
dens i ty ,  V = Space S t a t i o n  ve loc i ty  (-8 x lo5 c m  si-' 1, and d = p a r t i c l e  
diameter. The d i s t ance  a p a r t i c l e  w i l l  t r a v e l  re leased  i n t o  RAM is pro- 
p o r t i o n a l  t o  the release ve loc i ty  squared, vo2. For example, a 100-pm- 
diameter particle, pd = I ,  vo = 
t o  rest and begin turn ing  around. 
the  d is tance  w i l l  be 26 m (a 50-1~m p a r t i c l e  with pd = 2 g cm'3 w i l l  behave 
s i m i l a r l y ) ,  and f o r  a 200-vm p a r t i c l e ,  Pd = 1, the  respec t ive  d i s t ances  w i l l  
double. The optimum RAM release d i r ec t ion ,  i n  order  f o r  a p a r t i c l e  t o  t r a v e l  
g Cm'3 a t  350 km), pd = p a r t i c l e  
I O  cm s-1, w i l l  t r a v e l  0.26 m before coming 
For the same p a r t i c l e  with vo = 100 cm s - ' ,  
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t o  the  upper or lower boom loca t ions  (estimated t o  be 30 to  50 m o r  more from 
the  major surface areas) is f45', requi r ing  release v e l o c i t i e s  t o  be increased 
by 42 from a RAM normal sur face ,  o r  t o  be released from a sur face  f45O from 
RAM. Release a t  o the r  angles  i n t o  RAM w i l l  r equi re  higher  v e l o c i t i e s  t o  reach 
the  boom regions. Particles re leased  i n  the  wake cannot reach the  experiment 
areas but  could poss ib ly  be de tec ted  by instruments viewing i n  the wake 
d i r ec t ion .  I n  t h i s  area-dependent scenario,  p a r t i c l e  release ve loc i ty  is  a 
very important parameter f o r  contamination i n  the v i c i n i t y  of the  experiment 
loca t ions ,  as is the  release d i r ec t ion .  
v e l o c i t i e s  of -3 cm s-"while Scialdone a r r i v e s  a t  a much lower f igure .  D a t a  
from the  IECM i n d i c a t e  an upper l i m i t  t o  the  average release ve loc i ty  of about 
20 c m  s". Corroborative evidence of l o w  release v e l o c i t i e s  is the  da t a  from 
IECM showing very l i t t l e  contamination when the  S h u t t l e  bay was or ien ted  
within 70° of RAM. 
while particles re leased  by thermal-related e f f e c t s  may favor the  solar 
d i r e c t i o n ,  e.g., i n  the  general  RAM d i r e c t i o n  f o r  sun r i se  on Space S t a t i o n  and 
i n  the  wake d i r e c t i o n  from sunset.  
The IECM and P a r t i c l e  Analysis C a m e r a s  f o r  S h u t t l e  (PACS) (Green e t  a l . ,  
1987) da ta  show a d e f i n i t e  c o r r e l a t i o n  of p a r t i c u l a t e  events  w i t h  ins t rument  
and system hardware operat ions.  The Space S ta t ion  instruments on the  upper 
and lower booms w i l l  have similar mechanical operat ions (opening/closing of 
covers,  slewing and point ing,  ex tending/ re t rac t ing) .  In  addi t ion ,  instrument 
gas venting and f l u i d  leaks w i l l  probably occur. Also, meteoroid impact and 
thermal e f f e c t s  and p a r t i c u l a t e  release mechanisms w i l l  apply t o  these  
areas .  However, the  l i n e a r  arrangement of these instruments along a f a i r l y  
open boom allows p a r t i c l e s  t o  be released i n  mos t ly  unobstructed d i r ec t ions .  
In  the  case of Shu t t l e ,  Scialdone 's  decay model allows released p a r t i c l e s  t o  
r e f l e c t  from sur faces  u n t i l  they more o r  less d i r e c t l y  escape from the  bay. 
Also, on Space S ta t ion ,  t he re  is less opportunity f o r  sh ie ld ing  from RAM than 
f o r  Shu t t l e  bay re leased  p a r t i c l e s .  
Both IECM and PACS da ta  i n d i c a t e  p a r t i c u l a t e  decay with t i m e .  The IECM 
da ta  show an i n i t i a l  on-orbit  decay t o  average l eve l s  i n  about 15 hours. L e s s  
obvious w a s  Scialdone 's  50- t o  75-hour decay t i m e  cons tan t  from IECM da ta  on 
Spacelab 1 a f t e r  heatup from a long cold soak. The meteoroid model with an 
almost unlimited supply of p a r t i c l e s  of 100 I.tm diameter o r  less would not  
p r e d i c t  a s i g n i f i c a n t  decay except f o r  the  l a rge r  particles. It  seems 
reasonable,  however, t h a t  thermally- and radiometr ical ly-released particles 
from sur faces  undergoing repeated similar cycles  would have some t i m e  
constant .  Most of the  l a rge  areas of Space S ta t ion  w i l l  be constructed on- 
o r b i t  probably months before  s c i e n t i f i c  instruments w i l l  be , a t t ached  (even on 
t h e  Phase I s i n g l e  boom). I f  we pos tu l a t e  a t i m e  cons tan t  of 1 week, par t icu-  
late contaminants from these  sources would be reduced by a f a c t o r  of >50 per 
month . 
A s  s t a t e d  previous1 Barengoltz (1980) p r e d i c t s  average p a r t i c l e  
The Barengoltz meteoroid impact model produces omni-directional particles, 
Recommendations 
Surface c l ean l ines s  spec i f i ca t ions  should be t i g h t e r  f o r  l a rge  areas, 
e spec ia l ly  f o r  the photovol ta ic  a r r ays  ( t h e  dynamic s o l a r  power system w i l l  
probably have a much b e t t e r  sur face  c l ean l ines s  requirement than l e v e l  750). 
U s e  of l o w  absolu te  values of s o l a r  absorptance and thermal emittance 
coat ings w i l l  reduce d iu rna l  temperature changes, thereby reducing p a r t i c l e  
release by thermal e f f e c t s  . 
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Extra  c leaning should be required f o r  instruments and equipment located on 
the  upper and lower booms. Also, manifesting and placement of experiments 
must be considered (i.e., do not  f l y  a p a r t i c u l a t e  generator  with an I R  
te lescope,  bu t  i f  it must be done p lace  them as f a r  apart as poss ib le  i n  
phys ica l  loca t ion  and t imel in ing  of opera t ions) ,  
some sketches of the  ful l -up Space S ta t ion .  
l a te  environment is highly recommended, e spec ia l ly  t o  c o r r e l a t e  particle 
production with var ious a c t i v i t i e s ,  ranging from science instrument operat ions 
t o  Shu t t l e  tending. Monitoring demands a good cen t r a l i zed  da ta  base of a l l  
poss ib le  contamination-producing events i n  order  t h a t  c o r r e l a t i o n  s t u d i e s  can 
be performed and poss ib le  co r rec t ive  ac t ion  be taken. Such a da t a  base does 
not  e x i s t  f o r  the  Space Shut t le .  
D o  no t  locate s a t e l l i t e  se rv ic ing  f a c i l i t y  near the  upper boom as shown i n  
Ver i f i ca t ion  and monitoring instrumentat ion f o r  the  Space S t a t i o n  pa r t i cu -  
Conclusions 
P a r t i c u l a t e  matter is t i g h t l y  bound t o  sur faces  i n  vacuo pr imar i ly  by van 
der  Waals molecular force.  For space vehic les ,  most of t h i s  p a r t i c u l a t e  
matter o r ig ina t e s  during ground operat ions.  
proport ion t o  sur face  areas t h a t  are mostly 30-50 m from the  upper and l o w e r  
boom areas .  
The r e l ease  mechanisms during quiescent  per iods are probably r e l a t e d  t o  
thermal e f f e c t s  ( inc luding  rad iometr ic ) ,  meteoroid impacts, and instrument  
mechanical operat ions.  
20 cm s-' o r  less, allowing t r anspor t  d i s tances  of -2 m f o r  200-um-diameter 
p a r t i c l e s  with u n i t  d e n s i t i e s ,  o r  4 m f o r  200-l~m-diameter, dens i ty  = 2 g ~ m ' ~ ,  
etc. For r e l ease  of p a r t i c l e s  l a rge r  than about 100 pm diameter, some decay 
t i m e  constant ,  much shor t e r  than the  many months between cons t ruc t ion  of t h e  
major a rea  elements and the addi t ion  of s e n s i t i v e  instrumentat ion,  seems t o  be 
warranted f o r  a l l  mechanisms o ther  than meteoroid impacts. 
P a r t i c u l a t e  release by instrument and nearby equipment operat ions w i l l  
probably be less severe than from similar operat ions i n  the  Shu t t l e  bay, bu t  
remains a la rge  concern. 
should be s i g n i f i c a n t l y  less than f o r  Space Shut t le .  
For Space S t a t i o n  quiescent  operat ions,  p a r t i c l e s  a r e  probably released i n  
The average release v e l o c i t i e s  are predicted and measured on the  order  of 
Overal l ,  the  p a r t i c u l a t e  contamination environment f o r  the  Space S ta t ion  
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